The centromere is a unique chromosomal locus that ensures accurate segregation of chromosomes during cell division by directing the assembly of a multiprotein complex, the kinetochore 1 . The centromere is marked by a conserved variant of conventional histone H3 termed CenH3 or CENP-A (ref. 2). A conserved motif of CenH3, the CATD, defined by loop 1 and helix 2 of the histone fold, is necessary and sufficient for specifying centromere functions of CenH3 (refs 3, 4). The structural basis of this specification is of particular interest. Yeast Scm3 and human HJURP are conserved non-histone proteins that interact physically with the (CenH3-H4) 2 heterotetramer and are required for the deposition of CenH3 at centromeres in vivo 5-13 . Here we have elucidated the structural basis for recognition of budding yeast (Saccharomyces cerevisiae) CenH3 (called Cse4) by Scm3. We solved the structure of the Cse4-binding domain (CBD) of Scm3 in complex with Cse4 and H4 in a single chain model. An a-helix and an irregular loop at the conserved amino terminus and a shorter a-helix at the carboxy terminus of Scm3(CBD) wraps around the Cse4-H4 dimer. Four Cse4-specific residues in the N-terminal region of helix 2 are sufficient for specific recognition by conserved and functionally important residues in the N-terminal helix of Scm3 through formation of a hydrophobic cluster. Scm3(CBD) induces major conformational changes and sterically occludes DNA-binding sites in the structure of Cse4 and H4. These findings have implications for the assembly and architecture of the centromeric nucleosome.
The centromere is a unique chromosomal locus that ensures accurate segregation of chromosomes during cell division by directing the assembly of a multiprotein complex, the kinetochore 1 . The centromere is marked by a conserved variant of conventional histone H3 termed CenH3 or CENP-A (ref. 2) . A conserved motif of CenH3, the CATD, defined by loop 1 and helix 2 of the histone fold, is necessary and sufficient for specifying centromere functions of CenH3 (refs 3, 4) . The structural basis of this specification is of particular interest. Yeast Scm3 and human HJURP are conserved non-histone proteins that interact physically with the (CenH3-H4) 2 heterotetramer and are required for the deposition of CenH3 at centromeres in vivo [5] [6] [7] [8] [9] [10] [11] [12] [13] . Here we have elucidated the structural basis for recognition of budding yeast (Saccharomyces cerevisiae) CenH3 (called Cse4) by Scm3. We solved the structure of the Cse4-binding domain (CBD) of Scm3 in complex with Cse4 and H4 in a single chain model. An a-helix and an irregular loop at the conserved amino terminus and a shorter a-helix at the carboxy terminus of Scm3(CBD) wraps around the Cse4-H4 dimer. Four Cse4-specific residues in the N-terminal region of helix 2 are sufficient for specific recognition by conserved and functionally important residues in the N-terminal helix of Scm3 through formation of a hydrophobic cluster. Scm3(CBD) induces major conformational changes and sterically occludes DNA-binding sites in the structure of Cse4 and H4. These findings have implications for the assembly and architecture of the centromeric nucleosome.
Unlike other eukaryotic species that have complex regional centromeres with multiple centromeric nucleosomes 14 , budding yeast has a single centromeric nucleosome that is necessary and sufficient to mediate the accurate segregation of chromosomes during mitosis and meiosis [15] [16] [17] [18] . The simple centromeres of budding yeast provide an attractive system for investigating outstanding topics in centromere biology, including the pathway of CenH3 deposition and the architecture of the centromeric nucleosome 19, 20 .
Yeast Scm3 and human HJURP are binding partners of CenH3-H4 and are functionally required for their deposition at centromeres in vivo [5] [6] [7] [8] [9] [10] [11] [12] [13] . A conserved domain of Scm3 dictates specific and stoichiometric binding of CenH3-H4 ( Fig. 1a ), forming a (Scm3-Cse4-H4) 2 hexamer in 2 M NaCl 5 . This CBD of Scm3 is mapped to residues 84-187 (ref. 5). To investigate the structural basis for the recognition of Cse4 by Scm3, we first analysed the CBD of Scm3 by NMR and found that it is intrinsically disordered ( Supplementary Fig. 1 ). To overcome instability inherent in complexes of individual Scm3, Cse4 and H4 fragments ( Supplementary Figs 2-4 ), we engineered a single-chain molecule in which Scm3 is inserted between Cse4 and H4 to assemble a stably folded molecule ( Supplementary Fig. 5 ). For convenience, we termed the single-chain molecule scSCH (Scm3, Cse4, H4).
The structure of scSCH was determined using multidimensional NMR and verified by structural analysis of its mutants ( Fig. 1b-d and Supplementary Fig. 6 ). The structure of the folded core of scSCH, which includes residues 97-135 of Scm3, 157-202 of Cse4 and 50-99 of H4, is well defined with root mean squared deviations (r.m.s.d.) of 0.54 Å for backbone atoms and 1.06 Å for all heavy atoms ( Fig. 1e and Supplementary Table 1 ). Importantly, linker residues inserted between Scm3, Cse4 and H4 do not alter the structure of the folded region. Proteolytic cleavage of the two linkers in the folded scSCH only affects chemical shifts of neighbouring residues close to the cutting sites ( Supplementary Fig. 7 ). Moreover, the folded structure of the above tertiary complex is unchanged by refolding after denaturation in 6 M GdmCl to liberate the three components as individual polypeptides ( Supplementary Fig. 8 ). Backbone amide 15 N-{ 1 H} heteronuclear Overhauser effects (NOE) reflect dynamic motions. The folded core shows small dynamic motions (NOE .0.7) except for loop 1 of Cse4 and the small loop region following the N-terminal a-helix (aN) in Scm3 ( Supplementary Fig. 9a, b ). In contrast, other regions display larger dynamic motions (NOE ,0.7), corresponding to less-welldefined structures ( Supplementary Figs 9-11 ).
In the structure of scSCH, Scm3 interacts broadly with both Cse4 and H4. The aN helix of Scm3 makes close contacts with both the a2 helix of Cse4 and the a3 helix of H4 through multiple hydrophobic interactions (Figs 1b and 2a-d and Supplementary Figs 9c and 13a ). Supplementary Fig. 13f ).
Next, we analysed the effects of mutations on the formation of Scm3-Cse4-H4 complexes with isothermal titration calorimetry. The results reveal that the Scm3 recognition motif resides in the N-terminal region (181-190) of the a2 helix of Cse4. Double mutations Met181Ser/Met184Gly and Ala189Ser/Ser190Val in Cse4 that change the Cse4-specific residues to the corresponding residues in H3 reduced the binding affinity by a factor of 5.5 and 9, respectively ( Fig. 2a, b , Supplementary Table 2 and Supplementary Fig. 14) . A double mutation Ile110Asp/Ile117Asn in the aN helix of Scm3 decreased the binding affinity by a factor of 85 ( Fig. 2a , Supplementary Fig. 14 and Supplementary Table 2 ). These residues are important for cell growth: mutation of the three residues (Met184, Ala189, and Ser190) in Cse4 to corresponding residues in H3 leads to growth defect (small colony) 21 , and mutation Ile110Asp/Ile117Asn in Scm3 abrogates cell viability 7 , consistent with the effects of these mutations on the binding affinity between Scm3 and Cse4/H4 (Supplementary Table  2 ). Met 181 should also be important for cell function because it interacts with Ile 117 of Scm3 ( Fig. 2a ). It is possible that simultaneous mutation of the four residues in Cse4 to the corresponding residues in H3 would abrogate cell viability.
In contrast, deleting the three extra residues Lys 172, Asp 173 and Gln 174 and mutating Thr 170 in loop 1 (to Lys, as in H3), all residues specific to Cse4 ( Supplementary Fig. 12 ), had little effect on the binding affinity (a factor of 1.1) (Supplementary Table 2 ). Mutation of four residues (Val 165, Thr 166, Asp 167, Glu 168) at the C-terminal region of the a1 helix of Cse4 to corresponding residues in H3 (Ile, Ala, Gln and Asp) also showed little effect on the binding affinity (a factor of 1.4) (Supplementary Table 2 ). In addition, we found that Scm3 is capable of pulling down the H3 CATD -H4 chimaera, in which the CATD of Cse4 is swapped to the corresponding region of H3 (ref. 22 ( Supplementary Fig. 15 ). Furthermore, Scm3 can pull down an H3 mutant with only four residues replaced by the corresponding residues in the a2 helix of Cse4 (Met 181, Met 184, Ala 188 and Ser 189) as well ( Fig. 2c, d) . Importantly, Scm3 residues that interact with the four Cse4-specific residues are well conserved in human HJURP (Fig. 1a ). Indeed, Cse4 can also pull down the N-terminal region (residues 2-81) of HJURP (homologous to the Cse4-binding motif of Scm3 (refs 9, 22)) and human H4 ( Supplementary Fig. 16 ). This result is consistent with the ability of Cse4 to replace human CENP-A at centromeres and maintain centromere function in human cells 23 . In addition, the CENP-A residues that correspond to the four Cse4specific residues are reasonably conserved (Fig. 2d) .
The structure of scSCH reveals the induction of major local conformational changes in the structure of Cse4 and H4 relative to the (CENP-A-H4) 2 tetramer. First, the packing between the central a2 helices of Cse4 and H4 in the structure of scSCH is loose in comparison to tight hydrophobic interactions in the homology-modelled dimer based on the H3-H4 structure in the nucleosome (Fig. 3a, b) , or in the CENP-A-H4 dimer in the (CENP-A-H4) 2 tetramer 24 . Hydrophobic residues Leu 59, Phe 62 and Val 66 in the a2 helix of H4 lose interacting partners Tyr 193, Ser 192 and Leu 186 in the a2 helix of Cse4 ( Fig. 3a, b ; Phe 101, Ala 98 and Leu 94 in human CENP-A (ref. 24) ). Second, owing to the insertion of the Scm3 loop, loop 1 in Cse4 loses close contact with loop 2 of H4 ( Supplementary Fig. 13b ) when compared with the corresponding loops in the canonical histone octamer 25 (Fig. 3c, d ) or in the human (CENP-A-H4) 2 tetramer 24 (Supplementary Fig. 17 ). Third, the a2 helix of Cse4 kinks in the middle in scSCH (Fig. 4a) , as forced by the side chain of residue Met 103 of the aN helix of Scm3 (Fig. 4a) . In contrast, the a2 helix of CENP-A or H3 is relatively straight in the CENP-A-H4 (ref. 24) (Fig. 4b) or H3-H4 tetramer 25 ( Supplementary Fig. 18 ). Fourth, the C-terminal region (94-99) of H4 in scSCH adopts a striking helical conformation and extends the a3 helix of H4. The helical conformation is induced by the side chain 
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of Leu 98 in the aN helix of Scm3 through hydrophobic interactions with the side chains of Leu 98 and Tyr 99 of H4 (Fig. 4a , Supplementary Fig. 14 and Supplementary Table 2 ). This region is presumably disordered in the (CENP-A-H4) 2 tetramer 24 (Fig. 4b) . Interestingly, the same region forms a mini b-strand that pairs with a b-strand of H2A in the canonical histone octamer or with a b-strand of histone chaperone Asf1 in the Asf1-H3-H4 complex 26, 27 ( Supplementary  Fig. 18 ). Furthermore, the C-terminal region of Cse4 has considerable disorder in scSCH (Figs 4a, b) . The same region is also disordered in the Cse4-H4 dimer and is not required for Cse4-H4 binding to Scm3 ( Supplementary Fig. 5 and Supplementary Fig. 19 ). This 'tetramerization domain' is well folded in the (CENP-A-H4) 2 tetramer. Structure modelling shows that imposing this folded domain on the corresponding region of Cse4 in scSCH allows association as a (Scm3-Cse4-H4) 2 hexamer without major structural incompatibility ( Supplementary Fig.  20) , consistent with the existence of (Scm3-Cse4-H4) 2 hexamers in 2 M NaCl (ref. 5). However, in this context, histone topography in the scSCH structure outside the tetramerization domain displays dramatic global conformational changes when compared with the (CENP-A-H4) 2 tetramer, making the modelled (Scm3-Cse4-H4) 2 hexamer incompatible with DNA binding ( Supplementary Fig. 20) . Moreover, the Scm3 loop in the scSCH structure blocks loop 2 of H4, which makes contacts with DNA in the canonical nucleosome (Fig. 4a, b) .
Thus, the structure of scSCH indicates that retention of Scm3 in association with centromere DNA is unlikely to occur via binding of Scm3(CBD) to Cse4/H4, as binding of DNA and Scm3(CBD) to Cse4/ H4 is mutually incompatible. Instead, Scm3(CBD) behaves as a specific histone chaperone, and the retention of Scm3 with Cse4/H4 on centromeric DNA requires its distinct DNA-binding domain (H. Xiao and C. Wu, manuscript in preparation).
The structure of scSCH reveals that a subregion within the CATD, including four Cse4-specific residues in the N-terminal region of the a2 helix of Cse4, is necessary and sufficient for specific recognition by Scm3. Thus, the remainder of the CATD of Cse4 should be important for association with other proteins for Cse4 functions. The CBD of Scm3 uses both induced histone conformation changes 26, 27 and direct steric occlusion 28 to prevent Cse4-H4 in the Scm3-Cse4-H4 complex from DNA binding ( Supplementary Fig. 21 ). Conversely, Cse4-H4, with a conformation similar to that of CENP-A-H4 in the (CENP-A-H4) 2 tetramer, is unfavourable for Scm3(CBD) binding but favours DNA binding, indicating a competition mechanism for Scm3 and HJURP as CenH3-specific chaperones 22 .
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